Abstract Excess visceral adiposity contributes to inappropriate activation of the renin-angiotensin-aldosterone system despite a state of volume expansion and of salt retention that contributes to subclinical elevations of pro-oxidant mechanisms. These adverse effects are mediated by excess generation of reactive oxygen species (ROS) and diminished antioxidant defense mechanisms. Excess tissue (i.e., skeletal muscle, liver, heart) free oxygen radicals contribute to impairments in the insulin-dependent metabolic signaling pathways that regulate glucose utilization/disposal and systemic insulin sensitivity. The generation of ROS is required for normal cell signaling and physiological responses. It is a loss of redox homeostasis that results in a proinflammatory/profibrotic milieu that promotes impairments in insulin metabolic signaling, reduced endothelial-mediated vasorelaxation, and associated cardiovascular and renal structural and functional abnormalities. These maladaptive processes are increasingly recognized as important in the progression of hypertension in the cardiorenal metabolic phenotype. There is increasing evidence to support a critical role for Ang II signaling through the AT 1 R and aldosterone actions through the MR in conjunction with an altered redoxmediating impaired endothelial, cardiac and renal function in this metabolic phenotype. There are emerging clinical data that indicate that therapies that target the renin angiotensinaldosterone system (RAAS) also attenuate oxidative stress, and improve endothelial, cardiac and renal functions, which collectively contribute to reductions in hypertension.
Introduction
Cardiovascular disease (CVD) and chronic kidney disease (CKD) closely parallel the obesity epidemic, which is increasing in the US. Indeed, there are approximately 70 million obese adults in the US and another 70 million with hypertension [1] [2] [3] [4] [5] . Data from several population-based studies, such as the National Health and Nutrition Examination Survey (NHANES), suggest a graded and continuous relationship exists between prevalent hypertension and increasing body mass index (BMI) [3] [4] [5] . In this regard, obesity is characterized by the presence of insulin resistance, and mounting data support the notion that obese patients exhibit more frequent impairments in insulin metabolic signaling in the vasculature, which results in endothelial dysfunction and manifests clinically as hypertension [6••, 7••, 8, 9] .
Importantly, the presence of obesity is now recognized to herald even greater cardiovascular risk, clustering around alterations in systemic and local tissue insulin-dependent biologic responses [6••, 7••, 8, 9, 10••, 11] (Fig. 1) . Insulin resistance implies impairments of metabolic signaling responses to insulin, and impaired glucose transport and utilization in skeletal muscle, liver and fat, as well as cardiovascular and kidney tissue [10••, 11, 12] . Thus, actions of insulin with concurrent resistance give rise to diverse tissue and clinical manifestations that characterize the cardiorenal metabolic syndrome [7••, 13] .
A chronic low-level, proinflammatory/pro-oxidative state exists that often accompanies insulin resistance and hypertension [4, 7••, 12] . As a result of excess adiposity, subclinical elevations of proinflammatory molecules produced by the liver and adipose tissue include: interleukin-6 (IL-6), Creactive protein (CRP), PAI-1 levels and fibrinogen levels, which are linked with the development of impaired insulindependent glucose utilization and endothelial dysfunction [7••] . The presence of insulin resistance is also associated with inappropriate activation of the renin-angiotensinaldosterone system (RAAS), in part because of increased angiotensinogen and a lipid-soluble aldosterone-stimulating factor release from adipose tissue [6••, 7••, 8, 9] . Mounting evidence supports the notion that aldosterone actions mediated through the mineralcorticoid receptor (MR), in addition to angiotensin II (Ang II) acting through its type 1 receptor (AT 1 R), induce insulin resistance by inhibiting the actions of insulin in vascular and skeletal muscle tissue [6••, 7••, 8, 9] . This hormone does this, in part, by promoting NADPH oxidase activity/oxidative stress and endothelial dysfunction through the generation of labile reactive oxygen species (ROS). Thereby, oxidative stress contributes to alterations in redox-sensitive insulin-dependent signaling through phosphatidylinositol-3-kinase (PI3-K) and protein kinase B/Akt. Recent work suggests mammalian target of rapamycin (mTOR)/S6K1 signaling pathways [14, 15••, 16••, 17] . These alterations in redox-sensitive kinases promote metabolic dysregulation that manifests as insulin resistance and hypertension, both prominent features of the cardiorenal metabolic syndrome.
Herein we review putative mechanisms that contribute to oxidative stress in the vasculature and kidney, which promotes metabolic dysregulation and endothelial dysfunction.
The Importance of Insulin Resistance in the Cardiorenal Metabolic Syndrome
Obese individuals have insulin level elevations required to maintain glucose and fatty acid metabolism in traditional insulin-sensitive tissues such as the skeletal muscle, liver and adipose tissue. Recent work highlights a role in non-traditional insulin-sensitive tissues such as the heart, aorta and kidney [18] [19] [20] [21] . It is important to note that resistance to insulin is not uniform in all tissues. The alterations in response to insulin in various tissues are often accompanied by reductions in insulinmediated metabolic signaling, and downstream impaired glucose transport and utilization in skeletal muscle and cardiovascular tissue lead to impaired nitric oxide (NO)-induced vasodilatation [22, 23, 24••] . Thereby, the accentuation of some actions of insulin with parallel resistance to other actions gives rise to diverse clinical manifestations associated with the cardiorenal metabolic syndrome (Fig. 1) ; sequelae that are a result of activation of the (SNS) sympathetic nervous system, salt sensitivity, inappropriate activation of the RAAS, and increases in inflammation and oxidative stress.
The Role of Aldosterone in Oxidative Stress in the Cardiorenal Metabolic Syndrome
The RAAS is inappropriately activated in obese individuals who display insulin resistance, despite a state of salt sensitivity and relative volume expansion [6••, 7••, 8, 9] . Recent data suggest there are elevations in circulating aldosterone associated with increases in visceral adiposity, and mounting data indicate that adipose tissue displays a local RAAS [25] [26] [27] [28] . Visceral adipose tissue has been shown to possess higher levels of angiotensinogen (AOGEN) relative to subcutaneous tissue and also expresses the angiotensin type 1 and 2 receptors (AT 1/2 R), suggesting an autocrine-paracrine role for visceral adipose tissue [29] . Some investigative groups even postulate further that the adipose tissue RAAS may actually regulate systemic blood pressure to some degree [30] .
Angiotensin (Ang) II has been traditionally thought of as the main effector peptide of the RAAS [31, 32] . Ang II signaling through the AT 1 R contributes to the deleterious vasoconstrictor effects of Ang II, actions that are opposed by Ang II binding of the AT 2 R under routine conditions. In this context, traditional ligand receptor binding leads to G-protein-coupled effects of Ang II through phospholipase C with the formation of 1,4,5-inositol and DAG versus non-G protein coupled effects through stimulation of tyrosine kinases. Both pathways contribute to activation of NADPH oxidase and other metabolic oxidases to generate the superoxide anion (·O 2 -) and other free radicals important in the development of resistance to insulin-dependent metabolic signaling [31, 32] . Extending beyond Ang II as the classical effector peptide, aldosterone is now thought to exert many of the profibrotic, proinflammatory and pro-oxidative effects independent of those of Ang II in the heart, vasculature and kidney [28, [33] [34] [35] . Aldosterone has been shown to augment AT 1 R-dependent signaling pathways and promote vascular production of oxidative stress through the enzyme complex NADPH oxidase independent of Ang II [35, 36] . In addition, aldosterone has been shown to potentiate the impact of Ang II impairments in endothelium-dependent relaxation both directly and indirectly through increased vascular oxidative stress resulting in reductions in the bioavailable nitric oxide (NO) [35] [36] [37] . Additional evidence supports the notion that excess aldosterone promotes cardiovascular tissue remodeling through increases in collagen synthesis and fibrosis, resulting in arterial stiffness, left ventricular hypertrophy and kidney fibrosis [35] [36] [37] [38] . In rodent models that display Ang II and aldosterone excess, antagonism of the mineralocorticoid receptor (e.g., the target of aldosterone) attenuates heart and kidney tissue oxidative stress through reductions in NADPH oxidase and thereby improves interstitial fibrosis, tissue remodeling and hypertrophy mechanisms [35] [36] [37] [38] [39] [40] phox , which together form the heterodimer flavocytochrome b 558 and comprise the membrane complex. The strategic cytosolic subunit p47 phox undergoes phosphorylation and is generally considered the critical subunit for activation of the complex [43] . p67 phox is another cytosolic subunit that facilitates the transfer of the hydride ion from NAD (P)H to FAD upon interaction with the small G-protein Rac. Rac exists inactively, but upon phosphorylation results in activation to GDP→GTP, for example, and translocation to the membrane complex. The final transfer of an electron to form ·O 2 -is facilitated by two heme groups present within the NAD(P)H complex. NADPH generation of ROS serves routine cellular functions [32, 40, 42] . The excess activation and the imbalance in the metabolism of oxygen and production of excess free radicals contribute to "oxidative stress" in the heart, vascular and kidney tissue. ROS regulate pathways critical to normal cell signaling, apoptotic pathways, cell and tissue growth, as well as salt and fluid homeostasis. Free radicals such as ·O 2 -, hypochlorite (ClO In the context of obesity, increased exposure to excess fatty acids, Ang II and aldosterone, and even high salt intake promote alterations in signaling pathways that include ion channel functions, mitogenic and transcription factors, and tyrosine kinases/phosphatases [13, [28] [29] [30] [31] . It is of note that the impact of ROS generated within various components of the vasculature is subject to the local balance of pro-and antioxidant mechanisms, whether it be the heart, aorta or kidney. Free radical formation is generally divided into generation of ROS or reactive nitrogen species (RNS) known to regulate cell growth and differentiation, smooth muscle relaxation as well as inhibition of platelet adhesion and numerous second messenger systems that promote impairments in endothelial function [12-14, 15••, 16••, 17, 32] . Critical to the metabolic phenotype is the NO radical (NO • ) produced by oxidation of the nitrogen atom of L-arginine catalyzed by nitric oxide synthase (NOS). As a potent vasodilator, bioavailable NO is then consumed by ROS; however, there is a predominance of ·O 2 -during oxidative stress, which rapidly reacts with NO to yield ONOO -, a particularly reactive RNS. ROS also react with NO in the oxidation of tetrahydrobiopterin (BH 4 ) in a process referred to as endothelial NO synthase (eNOS) uncoupling. NOS forms ·O 2 -instead of NO in the absence of BH 4 and is considered another critical source of oxidative stress that promotes endothelial dysfunction. It should be noted that ROS also regulate various mechanisms thought to contribute to chronic disease, which promotes oxidization of cell constituents such as proteins, lipids and DNA largely because of their electrophilic character. The complex relationship among ROS, normal cell function and disease states such as hypertension can be mitigated by understanding that only in excess can these radicals result in injury, while their roles as mediators of cell signaling are temporally and spatially regulated.
Targeting the RAAS to Improve Redox Control of Vascular Function in the Cardiorenal Metabolic Syndrome
Experimental evidence from pre-clinical as well as clinical studies suggests targeting the RAAS improves control of hypertension through targeting oxidative stress and improvements in endothelial function [32, 35, 41] . There are sufficient data to support a beneficial effect of targeting reductions in Ang II through either inhibition of the ACE or blockade of AT 1 R on oxidative stress and reductions in blood pressure [32, 44] . Data from our laboratory and others suggest that, in rodent models that display inappropriate activation of the RAAS, targeting the MR and recently direct renin inhibition (DRI) improve ROS formation/oxidative stress and result in improved cardiovascular tissue remodeling and metabolic parameters [45] [46] [47] . On the clinical level it has been known for some time that RAAS inhibition through ACE inhibition and Ang II receptor blockers (ARBs) improves hypertension control and cardiovascular outcomes, including congestive heart failure (CHF), coronary artery disease and CKD in patients with type 2 diabetes [47] . It is important to note that increasing data on MR antagonism have shown promise in CHF and CKD as well as in individuals with resistant hypertension [6••] .
In the context of the cardiorenal metabolic syndrome, there are sufficient preclinical data and mounting clinical data to suggest a beneficial effect of RAAS blockade on insulin resistance and glucose homeostasis [48, 49] . The marker of interest in outcome trials has been new-onset diabetes, extending observations in preclinical models that support that ACEi or AT 1 R blockade improves insulinmediated glucose uptake through enhanced microvascular endothelial function, nitric oxide activation, reduced inflammatory response and increased bradykinin levels. However, the impact of MR antagonism or DRI on insulin resistance and glucose homeostasis continues to be an area of active interest.
The role of MR antagonism on blood pressure regulation and insulin sensitivity, from an experimental perspective, focuses on oxidative stress in concert with improved insulin-dependent glucose uptake as well as attenuated whole-body insulin resistance in skeletal muscles [6••, 9, 28] . However, there has not been definitive clinical evidence to extend these experimental observations. The discrepancy may be due to several reasons in the context of the cardiorenal metabolic syndrome. It is important to note that the MR has a high affinity for both aldosterone and 11β-hydroxyglucocorticoids, which exist in lower levels in non-epithelial tissues that allow glucocorticoids to signal through the MR in cardiovascular and metabolic tissue such as skeletal muscle, liver and fat [34] . In the cardiorenal metabolic syndrome circulating glucocorticoid concentrations are greater than those of aldosterone. Thereby, MR activation by glucocorticoids further potentiates the oxidative stress in the cardiorenal metabolic syndrome.
Regardless of the mechanism, there is convincing evidence to support that interruption of the RAAS at any access point, whether DRI, ACEi or AT 1 R blockade, or antagonism of the MR in humans ameliorates oxidative stress, improves endothelial function and contributes to reductions of hypertension in the cardiorenal metabolic phenotype.
Conclusions
Obesity contributes to the development of insulin resistance. It is largely thought to be a result of excess visceral adiposity. There is inappropriate activation of the RAAS despite a state of volume expansion and of salt retention that contributes to subclinical elevations of the pro-oxidant mechanisms that are linked to impairments in the insulin-dependent metabolic signaling pathways that regulate glucose utilization/disposal and systemic insulin sensitivity, processes that are increasingly recognized as important in endothelial function and elevations in blood pressure in the cardiorenal metabolic phenotype. There is increasing evidence to support a critical role for aldosterone actions through the MR independent of those of Ang II signaling through the AT 1 R on redox status and endothelial function in this metabolic phenotype. However, it is clear from clinical data that therapies that target the RAAS at any access point, whether DRI, ACEi or AT 1 R blockade, or antagonism of the MR attenuate oxidative stress, improve endothelial function and contribute to reducing hypertension.
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